ABSTRACT The prognostic implications of pulmonary hypertension in chronic lung disease, and the difficulty in establishing its severity without cardiac catheterisation, indicate the need for a reliable non-invasive method of assessing the pulmonary artery pressure. It is likely that the time taken by the right ventricle to generate a sufficiently high pressure to open the pulmonary valve will increase progressively as the pulmonary arterial diastolic pressure rises. Therefore, the time interval between closure of the tricuspid valve and opening of the pulmonary valve has been obtained from high-speed echocardiographic recordings of the tricuspid and pulmonary valves in a group of 17 patients with chronic lung disease. Each patient underwent right heart catheterisation immediately after the echocardiographic examination so that the pulmonary arterial diastolic pressure could be obtained directly. A range for the group from 15 mmHg (2-0 kPa) to 45 mmHg (6-0 kPa) was observed. The linear correlation between the measured diastolic pressure and the time interval from tricuspid valve closure to pulmonary valve opening was highly significant (r=0-94, p= <0001) and the scatter was relatively small. It is therefore suggested that this time interval, obtained non-invasively by echocardiography, can be used as an index of the severity of pulmonary hypertension associated with chronic lung disease.
Chronic lung disease (CLD) may be complicated by pulmonary hypertension (PHT). This results in right ventricular hypertrophy and is an important factor in the pathogenesis of right ventricular failure when the prognosis is usually poor.' However, the development of significant PHT is by no means inevitable, and so a means of estimating the pulmonary arterial pressure (PAP) is important for prognostic assessment and may alter subsequent management. At present, detection of PHT, except by direct measurement of PAP at cardiac catheterisation, is unreliable until the process is advanced. The classical auscultatory features of raised PAP are particularly difficult to evaluate in the presence of hyperinflation, as are the radiographic signs, and although some reliance can be placed on the electrocardiogram,2 this is too insensitive for any attempt at quantifying the severity of PHT. There is thus a need for a more reliable noninvasive technique for the evaluation of PHT in these patients. In this study we have explored the possibility that, in the presence of PHT, opening of the pulmonary valve will be delayed, because a greater pressure must be generated by the right ventricle before ejection can occur. The technique used has been to make M-mode echocardiographic recordings of tricuspid and pulmonary valve motion in a group of patients who also underwent right heart catheterisation, and to investigate whether the interval between tricuspid valve closure and pulmonary valve opening (TVC-PVO interval) can be used to predict the severity of PHT.
Methods
Seventeen patients were studied. All but one were men and the age range was 48 to 75 years (table). All patients had evidence of severe chronic airways disease with a history of cough or breathlessness The normal precordial site for placement of the ultrasound transducer rarely provided satisfactory visualisation of intracardiac structures and in most patients the best recordings were made from the subxiphoid area. From this approach the mitral and aortic valves were identified by the conventional criteria. The tricuspid valve was usually found by directing the transducer towards the aortic valve when the tricuspid valve was seen between the transducer and the aortic valve; slight adjustment of the transducer more posteriorly and to the right was then necessary to reveal the closure point of two cusps of the valve. In order to locate the pulmonary valve, the transducer was directed towards the aortic valve again, and then readjusted upwards and to the left, so that the ultrasound path was dorsal to and almost parallel with the anterior chest wall. (An important practical point to note is that, because the pulmonary artery is at a distance equal to or greater than the aorta from the sub-xiphoid site, the pulmonary valve appears on the echocardiogram recording at a depth similar to or greater than the aortic valve.3 This contrasts with the usual precordial transducer site pattern in which the more anterior pulmonary valve is nearer than the aortic valve to the transducer.)
Recordings were made of the tricuspid valve and of the pulmonary valve at 200 mm s-1 paper speed, together with simultaneous recording of the standard electrocardiographic lead showing the clearest onset of the QRS-complex (fig 1) . Conventional right heart catheterisation was performed with the subject again positioned supine with 300 elevation of the head and trunk. All pressure measurements were made with reference to the fourth intercostal space, at the midanteroposterior point, from recordings taken during held end-tidal expiration. A no 7 SwanGanz (flow-directed) catheter was introduced into the right median basilic vein under local anaesthesia, and in all patients was advanced satisfactorily to a branch of the pulmonary artery under fluoroscopic control. Recordings were made of mean and phasic right atrial pressure (RAP), right ventricular pressure, and mean and phasic PAP. In all but two patients a pressure measurement could be made during temporary balloon inflation to occlude a branch of the pulmonary arterial tree and thus obtain an indirect estimate (PAOP) of left atrial pressure.
The echocardiographic recordings were analysed by an observer who had no knowledge of the catheterisation data. The average time interval from the onset of the electrocardiograph QRS complex to the point of complete closure of the tricuspid valve (Q-TVC) was calculated from at least five cardiac cycles (10 cycles in the case of one patient who had atrial fibrillation). The average time interval from the onset of the QRS complex to the point of maximal opening of the pulmonary valve (Q-PVO) was similarly obtained. It was then possible to obtain the time interval TVC-PVO by the following subtraction: TVC-PVO (ms)=Q-PVO (ms) minus Q-TVC (ms) From analysis of the catheterisation recordings, the value of PADP was derived from the average of five cardiac cycles, and the values for the mean RAP and mean PAOP were obtained directly.
The heart rate during each procedure was obtained by averaging 10 R-R intervals from the simultaneous electrocardiograms recorded with the echocardiogram and the catheterisation pressure tracings.
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Results
The relevant data obtained from both echocardio graphic and catheterisation examinations are giver in the table. In five patients the pulmonary arteria diastolic pressure (PADP) was at the upper end ol the normal range (16 mmHg-2-1 kPa)4 and in the other 12 patients the PADP was elevated to a varying degree with the highest recorded value being 45 mmHg (6'0 kPa). Most patients had a normal mean RAP (<8 mmHg-ll1 kPa)4 but in five there was modest elevation of this up tc l2 mmHg (1-6 kPa). However, none had a grossl3 elevated mean RAP, indicating that clinical exclu sion of right ventricular failure before entry to the study had been adequate. Two of the patients whc had increased mean RAP also had slightly ele vated PAOP (> 15 mmHg-2-0 kPa),4 but in neither at a level sufficient to be the cause of PHT. All other patients had a normal PAOP changes in heart rate in no consistent direction were observed when echocardiographic and catheterisation data were compared for each patient, and the mean heart rate for the whole group during echocardiographic examination did not differ significantly from that during catheterisation.
The echocardiographic measurement of the TVC-PVO interval ranged from 32 ms to 128 ms, and fig 2 shows that over the range of measured PADP in this group a highly significant correlation exists between this time interval and the directly measured PADP.
Discussion
The possibility that echocardiography may be used to assess PHT has aroused interest in recent years. r The M-mode technique is particularly suitable for [ l following the rapid movements of heart valves r during the cardiac cycle, and several workers have reported characteristic abnormalities of motion of the echo from the pulmonary valve in PHT. Some of these can only be considered qualitative indicators of PHT. They include: reduction in, or absence of, the normal negative deflection that follows right atrial contraction5; loss of the normal down sloping direction of the cusp echo during diastole5; coarse flutter of the cusp echo during systole (often resulting in a W shaped pattern6). This last abnormality is not, however, specific for PHT.
The most important parameters reported to bear a quantitative association with PAP are: increasing steepness of the slope of the cusp echo during the opening motion of the valve5; and increase in the ratio of right ventricular pre-ejection period to right ventricular ejection time (RVPEP/RVET ratio).7 Neither technique appears to have a close enough correlation with PAP to be clinically useful for estimating the degree of PHT. Further, the first of these methods presents a specific problem when used to interpret echocardiograms from the majority of patients with CLD in whom the subxiphoid transducer site must be used to obtain satisfactory recordings. This different anatomical approach may introduce an important error into the index because it is based on measurements made from the depth axis. The second technique7 obviates this problem because only time axis measurements are needed, but has the limitation that it is rare to be able to record pulmonary valve closure (and thus obtain RVET) in older subjects, especially if there is hyperinflation, thus restricting this method to paediatric practice. dependent on PAP and may thus partly account for the rather wide scatter found by these workers7 when RVPEP/RVET ratio was related to PAP.
It thus seems that an index based only on time measurement, but which is less affected by factors which are independent of the PAP, might be a more reliable non-invasive way to assess PHT. Leatham and Vogelpoel observed that pulmonary ejection sounds associated with pulmonary valve stenosis (and thus with a low PAP) are almost coincident with the first heart sound, whereas ejection sounds occurring in patients with PHT appear appreciably later in systole.9 This phenomenon reflects the longer time period required for the right ventricle, after it has closed the tricuspid valve at the onset of systole, to generate the higher pressure required to open the pulmonary valve when the PAP is raised. Unfortunately, the absence of ejection sounds in many patients with PHT and difficulties in defining the sound of tricuspid valve closure within the first heart sound complex prevent the clinical application of this observation to most patients.
The accuracy with which M-mode echocardiography can time valve motion events'0 has been used in this study to obtain the TVC-PVO interval as described above. By recording at a fast paper speed, measurements can be made to an accuracy of ±2.5 ms. Small inter-cycle variations of valve timing were found, however (pooled standard deviations for all subjects were +4.4 ms for TVC and +6.8 ms for PVO), and it is important to average the time measurements from several cycles. Although it would be theoretically preferable to define PVO as the point at which the pulmonary valve begins to open, in practice this point cannot be determined accurately. We have, therefore, taken measurements from the point of maximal pulmonary valve opening. This introduces an additional (but relatively constant) factor into the TVC-PVO interval, but the interval is far more reproducible when measured this way because maximal opening of the pulmonary valve is a well-defined point (fig I) .
In the analysis of the relationship between the TVC-PVO interval and the measured PAP, only the association with PADP has been considered. One further limitation of this technique that requires comment is the technical difficulty of recording echocardiograms in patients with CLD and hyperinflation. The pulmonary valve is the most difficult valve to record and is only able to be found in 75% to 80% of normal subjects. As expected the success rate is less when there is hyperinflation, but in our experience, the associa'ted flattening of the diaphragm facilitates echocardiographic recordings of good technical quality from all the heart valves in approximately 60% of patients with CLD when the transducer is directed from the subxiphoid area.
In conclusion, our results indicate that the TVC-PVO interval can be obtained non-invasively by an echocardiographic technique in patients with CLD, and that the linear correlation between this interval and the directly measured PADP shows sufficiently little scatter for this interval to be of value clinically in the estimation of the severity of PHT in these patients. It is likely to be particularly useful for serial examinations of the same patient, and further work is needed to study its use in this way.
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